Rare hybridisations between deeply divergent animal species have been reported for decades in 18 a wide range of taxa, but have often remained unexplained, mainly considered chance events 19 and reported as anecdotal. Here, we combine field observations with long-term data concerning 20 natural hybridizations, climate, land-use, and field-validated species distribution models for two 21 deeply divergent and naturally sympatric toad species in Europe (Bufo bufo and Bufotes viridis 22 species groups). We show that climate warming and seasonal extreme temperatures are 23 conspiring to set the scene for these maladaptive hybridisations, by differentially affecting life-24 history traits of both species. Our results identify and provide evidence of an ultimate cause for 25 such events, and reveal that the potential influence of climate change on interspecific 26 hybridisations goes far beyond closely related species. Furthermore, climate projections suggest 27 that the chances for these events will steadily increase in the near future. 28 29 30
Hybridisation is a widespread phenomenon in nature (Mallet, 2005) . However, its frequency, 33 diversity of outcomes, underlying mechanisms, its role in the evolutionary process, and how to 34 deal with it in conservation biology have been controversial topics for more than a century 35 (Arnold, 2006; Schwenk et al., 2008) . Much of our knowledge about the link between 36 hybridisation dynamics in animals and climate changes, comes from studies of hybrid zones 37 (Hewitt, 2011) , where the reshuffling of species' ranges in response to changing climates 38 brought into contact closely related and previously allopatric species. Pre-mating reproductive 39 barriers could be incomplete between these species, and their genomes could still be porous to 40 introgression, with several far reaching implications (Mallet, 2005 Hewitt, 2011) . Not surprisingly, species of ancient divergence and with a long-lasting 42 history of sympatry have contributed the least to this body of knowledge (Mallet, 2005 ; 43 Schwenk et al., 2008). These species have had ample opportunity to evolve strong pre-mating 44 reproductive barriers, either as a by-product of a longer allopatric divergence or because of 45 character displacement in response to natural selection (Coyne & Orr, 2004; Pfennig & Pfennig, 46 2009). Consequently, hybridisation events are extremely improbable between these species (e.g. 47 Proietti et al., 2014), and their observation incidental in the wild. 48 We witnessed to one such event in southern Italy (on May 10 th 2014) between two toad 49 species, the common toad Bufo bufo and the green toad Bufotes balearicus (Figure 1 ). They (Sillero et al., 2014) . Although syntopy is not uncommon, especially in lowland areas, they 54 show distinct spatio-temporal patterns of habitat use (reviewed in Lanza et al., 2006) , making 55 hybridisation at least three-times unexpected. First, they show markedly different breeding 56 phenologies: Bufo bufo is an early and explosive breeder, while Bufotes balearicus is a late and 57 prolonged breeder (Lanza et al., 2006) . In Italy, breeding activities of Bufo bufo begin earlier in 58 the year (early winter to early spring, with variation among sites at different altitude and 59 latitude) and usually last 1-2 weeks. Bufotes balearicus starts breeding later (middle to late 60 spring), and this activity may last 2-3 months. Furthermore, breeding activities in syntopic breeds in temporary shallow waters, and Bufo bufo most commonly inhabits forested habitats 69 while using slow running or deeper, wider standing waters as breeding sites. 70 Remarkably, based on previous assessments (Carpino & Capasso, 2008) , all these 71 differences applied to toad populations at our study site as well. This site is a high-altitude pond 72 located at the margins of a forested area (latitude: 40.9429° N; longitude: 14.7096° E; altitude: 73 1330 MASL; Figure 2 ). Bufo bufo was reported to breed at this site on February, whereas 74 Bufotes balearicus was absent here and in neighbouring areas above 800 MASL at least until 75 the year 2007, the year of the last herpetological assessment (Carpino & Capasso, 2008) . 76 5 Here, we combine our field observation with data from previous reports of similar 77 hybridisation events for the Bufo bufo and Bufotes viridis groups in Europe along the last 78 century, in order to study the causation of these 'improbable' events To this end, we examined 79 the contribution of multiple factors, including all those commonly invoked to explain novel 80 interspecific hybridisations among animal species in the wild. Assessing natural hybridisation 85 We sampled and carried to the laboratory a strip approximately 1.5 m in length from the clutch 86 laid by the hybrid pair on May 10 th 2014. We visually searched for additional clues of 87 hybridisation at the breeding pond for the subsequent ten days. Although no further 88 heterospecific pairs were observed, we collected and carried to the laboratory two additional 89 egg-strings newly laid by unobserved parents. Fieldwork was approved by the Italian Ministry 90 of Environment (permission number: 0042634 dated 7 August 2013). 91 In order to confirm the hybrid nature of the egg-string laid by the heterospecific pair 92 (against the hypotheses of unfertilised eggs and of undetected homospecific paternity) and to 93 address the parental species of the other egg-strings, we monitored egg and tadpole (Montalenti, 1932; Montalenti, 1933) . However, in order to achieve correct identification and to 101 verify the absence of backcrosses between hybrids and parental individuals, we analysed 102 genetic variation at the following allozyme loci: malate dehydrogenase (Mdh-1 and Mdh-2; EC 103 1.1.1.37), isocitrate dehydrogenase (Icdh-1 and Icdh-2; EC 1.1.1.42), and malate dehydrogenase areas. Therefore, we focused the following analyses on the latter. bilinear resampling, we downscaled the anomalies to 0.0083° of spatial resolution (≈ 1km). 161 Then, in order to obtain monthly maps of temperature and precipitation for 2007-2013, we 162 applied the anomaly corrections to the WORLDCLIM climate layers. Finally, we calculated all 163 the derived climate maps mentioned above. 164 The bioclimatic layers for 2070-2100 were obtained directly at the resolution of 1 km 2 165 from the WORLDCLIM database considering 3 emission scenarios (A1B, A2, and B1), and 166 many different global circulation models (24 GCMs for the A1B emission scenario, 19 GCMs Sweden (Lang, 1926) , and one in Austria (Duda, 2008) . 219 The annual activity cycle of Bufo bufo populations can be affected by several 220 environmental features, including climate, and the five sites (including our observation) span a 221 wide range of latitudes. Thus, rather than considering average winter temperatures, we based 222 our analysis on the period when this species begins its breeding activity in each area, according 223 to regional atlases and databases (Gilsen & Kauri, 1959 (Reading, 1998) . Therefore, in our testing for a link between hybridisation events and climate 227 anomalies, we set the period of interest to the two months preceding the usual start of the 228 breeding activity, for each geographic area. Accordingly, we analysed date ranges covering 229 December to January for the site in southcentral Italy, January to February for the sites in Czech .166° E). 242 For each climatic series retrieved, we analysed bimonthly average temperatures 243 considering the entire temporal series, and the 10 years preceding the hybridisation event, i.e. a 244 time-lapse approximating the average lifetime of a toad in the wild (Lanza et al., 2006) . 245 To test the null hypothesis that an association between hybridisation events and 246 temperature anomalies was due to chance alone, we carried out binomial probability tests. We 247 set the probability threshold of a single event to 0.02, based on the highest value calculated for 248 the ratio between year rank (mildest = 1st rank) and climatic series length (i.e. the first out of 47 249 available years from the climatic station DA000030380). Since hybridisation events were both 250 spatially and temporally distant, data independence was assumed. However, to err on the side of 251 caution, we carried out the analyses considering the two observations in eastern Czech 252 Republic, as both independent and fully dependent (i.e. as a single observation); then we took 253 the highest value as the confidence level for accepting/rejecting the null hypothesis stated 254 above. 255 Finally, the paucity of hybridisation events recorded qualifies these events as rare, and 256 testifies to the strength of the pre-mating isolation mechanisms. On the other hand, given such 257 rareness, we cannot exclude the occurrence of potentially unobserved, unreported, or undetected 258 hybridisation events. Thus, we explored how potentially unknown events could affect the 259 significance of our test. To this aim, we carried out additional binomial probability tests by 260 progressively increasing the number of events while leaving the number of 'successes' ongoing, as predicted by our bioclimatic model (see also Zavadil & Roth, 1997) . 315 Besides being a co-factor for syntopy, climate changes also contributed to the 316 hybridisation events by promoting an overlap of the breeding activities. Analysing long-term 317 climate series, we found that the years when hybridisation events were recorded in Europe 318 (including our observation) ranked 1st or 2nd hottest on record at most site, over time series 319 from 47 to 214 years-long. Moreover, bimonthly mean temperatures at these sites were 2.4 °C 320 to 5.5 °C above the 1961-1990 averages, and 1.9 °C to 4.3 °C above the preceding 10-years 321 averages (Figure 3 ). Binomial probability tests allowed us to reject the null hypothesis of 322 random association between hybridisation events and extremely mild winters, with very high 323 confidence (binomial probability: P ≤ 2.3×10 6 ). Also, additional binomial probability tests, 324 carried out in order to explore how unrecorded events could affect the significance of our test, 325 indicated that the null hypothesis of random association was rejected (at α = 0.05) until the 326 number of events was ≥ 77, while leaving unchanged the number of 'successes'. 327 Although Bufo bufo is expected to bring forward its breeding activity after mild winters 328 (Reading, 1998; Reading, 2003; Tryjanowski et al., 2003) , at least three lines of support may 329 help explaining this apparently counterintuitive pattern. In years when the breeding season 330 begins earlier (after a mild winter), breeding has been observed to last longer (Gittins et al., 331 1980 ). Furthermore, a second and lower peak of breeding activity has been often observed later 332 in the season (Pages, 1984; Reading, 1998) , especially after mild winters (Reading, 1998) . 333 Finally, extensive ecophysiological investigations on bufonid toads, including Bufo bufo, 334 16 indicate that increased temperatures during hibernation lead to significant alterations of several 335 processes affecting the breeding activity, including body size condition, annual ovarian cycle, 336 and seasonal synchronisation of breeding (Jørgensen, 1992) . 337 Our analyses do not indicate climate change as the single explanatory factor. The hypothesise that these events will become progressively more common in the near future. Most 344 importantly, our results reveal a wider potential influence of climate changes on interspecific 345 reproductive interactions, particularly in the many instances where climate-driven asynchrony 346 and/or allotopy are integral components of the reproductive isolating barriers. 347 Hybridisation events among non-closely related species are generally believed to yield 348 events that are transient, and potentially affecting local population demography at most, because 349 strongly maladaptive (Rhymer & Simberloff, 1996; Malone & Fontnot, 2008) . Nevertheless, 350 there may be exceptions, whereby the effects of maladaptive processes propagate from 351 population to community level (Farkas, 2015) . Moreover, as revealed by years of investigation 352 on the hybridisation process in several animal taxa, including amphibians, new evolutionary 353 pathways have been sometime opened by such rare and maladaptive events (Arnold, 2006) . 
